As microbial organisms exhibiting clinically significant drug resistance have emerged (1) (2) (3) (4) an urgent need has been created for new agents that combat infectious disease by novel modes of action (5) (6) (7) (8) . Among leads for the development of antibacterial agents, antimicrobial peptides are particularly attractive candidates because they function generally by mechanisms of action that are different from their nonpeptide counterparts (8, 9) . Furthermore, antimicrobial peptides offer an economical means for confronting bacterial pathogens, because they can be assembled efficiently from inexpensive amino acid starting materials. For similar reasons, antimicrobial peptide libraries may be synthesized for drug discovery using combinatorial methods of diversification (10) . Although the employment of antimicrobial peptides in clinic has been limited because of their nonspecific cytotoxic activities, specifically hemolytic activity (8, 9, 11) analogs that retain high antimicrobial activity, but lose their eukaryotic cell killing activity may be synthesized by altering the natural peptide structure (8, 12) . For example, the synthesis of a retroenantio derivative of melittin, the principal toxic component of bee venom, has produced a fully active antibacterial agent that exhibited no hemolytic effects (8) .
In addition, structural modifications may also be made to improve the metabolic stability and bioavailability of antimicrobial peptides.
Gramicidin S [cyclo(Val-Orn-Leu-d-Phe-Pro) 2 ] is a naturally occurring peptide that displays potent antibacterial effects against both gram-negative and gram-positive bacteria (13) . Although GS is a topical antibiotic (14, 15) , its employment is restricted because of high hemolytic activity, as illustrated by the lysis of red blood cells (11, 13) . The antibacterial and hemolytic activities can be dissociated in GS analogs, as demonstrated by the synthesis and analysis of GS derivatives possessing varying ring sizes (11) . The antibacterial activity of GS has been shown to be contingent on the peptide conformation in which the d-Phe-Pro residues adopt the central positions of type II¢ b-turns that stabilize an antiparallel b-pleated sheet (16) . The structure of GS is amphiphatic possessing charged ammonium groups of the ornithine residues projecting from one side of the sheet and neutral hydrophobic residues extending from the opposite side. Although the mode of GS action is not entirely understood, these structural features are believed to enable the peptide to bind to the cell membrane of sensitive microorganisms and thereby cause changes in membrane permeability (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Numerous analogs of GS have been synthesized previously with the aim of producing more potent antibiotic peptides (22, 23) . Although many structural modifications have resulted in decreased activity, an important exception was found when the thiaindolizidinone amino acid BTD ( Fig. 1 ) (26) was introduced at the turn regions of GS (27, 28) . The resulting analogs [BTD 4)5,4¢)5¢ ]GS and [BTD
4)5
]GS possessed spectral characteristics and antibacterial activities similar to that of the native peptide (23, 24) . Several rigid dipeptide derivatives have since been used to replace the d-Phe-Pro residues in GS (29) (30) (31) (32) (33) (34) .
Similar antibiotic activity as well as matching spectral properties to that of GS have been suggested as a measurement of the capacity of these rigid dipeptide mimics to serve as surrogates of the i + 1 and i + 2 residues of type II¢ b-turns (29-32).
To study further the influence of structural modification on the activity and specificity of GS, we have employed (6S)-and (6R)-indolizidin-2-one amino acids (I 2 aas,(6S)-and (6R)-1; Fig. 1 to be an added benefit of studying the all carbon indolizid- Claisen condensation/reductive amination/lactam formation sequence from glutamic acid as chiral educt (36, 37) .
The tripeptide 5, Val-(Cbz)Orn-Leu-O-allylTFA, was synthesized from l-leucine allyl ester p-toluenesulfonate (38) ,
-(Cbz)ornithine and l-N-(Boc)valine in four steps and 65% overall yield using benzotriazol-1-yl-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) for peptide couplings (39) (40) (41) , TFA for Boc group removals, and chromatography on silica gel to isolate several intermediates as described in detail in the experimental section.
Indolizidinone amino acid 1 was coupled to tripeptide 5 using TBTU and Et 3 N in CH 3 CN to provide tetrapeptide 6,
chromatography on silica gel with EtOAc in hexane as eluant. The pentapeptide material was then divided into two portions. In one pot, the C-terminal allyl ester of 6 was deprotected with Pd(PPh 3 ) 4 and morpholine in THF to furnish carboxylic acid 7 in 95% yield (42) . In another pot, the N-terminal Boc group of 6 was removed quantitatively with TFA in CH 2 Cl 2 to give amine 8 as its trifluoroacetate salt.
The two pentapeptides, 7 and 8, were then coupled with TBTU to furnish the protected decapeptide 9, Boc-I 2 aa-Val-
Similar deprotection conditions were then used to remove the allyl ester and Boc groups of peptide 9 in 66 and 95%
respective yields and furnished linear precursor 10. Macrocyclization was performed at high dilution using TBTU and 1-hydroxybenzotriazole (HOBt) with diisopropylethylamine in DMF and was monitored by analytical HPLC which showed complete reaction after 1 h. A crude product was isolated in 85% recovery after aqueous work-up. Subsequent purification using reverse-phase HPLC and lyophilization of the collected fractions gave the pure protected GS 
as a white hydrochloride salt after isolation by reverse phase HPLC (Fig. 2) .
Solid-phase strategies were used to prepare [Lys
2,2¢
,(6S)-
]GS 3 and [(6R)-I 2 aa 4)5,4¢)5¢ ]GS 4 on oxime resin to develop an approach more amenable for library production (Fig. 3) . The linear peptides were synthesized on the solid support and removed by intramolecular cyclization cleavage (43) (44) (45) (46) . In consideration of the biosynthetic pathway for the synthesis of GS (23), Boc-Leu-OH was first coupled onto oxime resin using DCC and ethyl-2- 
Circular dichroism spectral analysis
The circular dichroism (CD) spectra for GS and peptides 2-4
were measured in methanol and water ( Fig. 4; 48, 49 ). In methanol, the spectral characteristics of analogs 2-4 were similar to those of GS indicating that they adopted similar conformations. All exhibited a negative maximum situated at 207 nm, a positive maximum at 195 nm and a negative shoulder at 225 nm in methanol. Similar spectra (Table 3) .
Finally, the values of the coupling constants between the amino acid a-and amide protons ( Table 4) . 
a. Overlapping signals. suggests that the lengthening of the side-chain of the basic residue perturbs the ideal antiparallel b-pleated sheet geometry, which may be due to intramolecular hydrogen bonding between the charged Lys x-ammonium group and a carbonyl of the peptide backbone. The spin-spin coupling constant for the i + 1 and i + 2 residues of a turn structure have similarly been used to assign peptide backbone geometry (52) . The Stabilization of such a sheet structure by an organic nucleator has also led to antibacterial activity in a linear analog (32) .
An influence of ring-fusion stereochemistry on the conformation and antibacterial activity of GS was demonstrated previously in analogs possessing 2-amino-3-oxo- Biological examination of peptides 2-4 and GS in antimicrobial and hemolytic tests was performed according to the protocols described previously (11, 13) . showed complete consumption of starting material. Brine (50 mL) was added, the mixture was extracted with EtOAc (3 · 15 mL), the combined organic layers were washed with 2 n HCl (2 mL), H 2 O (2 mL), 5% NaHCO 3 (2 mL) and H 2 O (2 mL), dried and evaporated to a solid that was chromato- showed complete consumption of starting material. Brine (50 mL) was added, the mixture was extracted with EtOAc (3 · 15 mL), and the combined organic layers were washed with 2 n HCl (2 mL), H 2 O (2 mL), 5% NaHCO 3 (2 mL) and 
